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1

METHODS AND APPARATUS FOR
SIMULATION OF FLUID MOTION USING
PROCEDURAL SHAPE GROWTH

BACKGROUND
Description of the Related Art

Conventionally, the simulation of fluid motion 1n computer
graphics has been handled using raster-based techniques.
That 1s, flmds and gasses have been simulated on a grid of
cells or pixels, and fluid motion 1s computed between pixels
on the grid. These conventional techniques involve process-
ing each pixel on the grid, where neighboring pixels are
examined and one or more tluid dynamics equations are com-
puted at the pixel. In high-resolution applications 1n particu-
lar, such as high-resolution painting applications, a large
number of pixels may have to be processed at each of multiple
iterations. Even 1 the fluid motion effect being simulated 1s
relatively simple and thus the computation at each pixel 1s
relatively straightforward, this still involves considerable
computation, and thus time, due to the large number of pixels
being individually processed. If more complicated fluid
motion effects are being simulated, the computations at each
pixel become more complicated, and thus the processing may
take much longer.

SUMMARY

Various embodiments of methods and apparatus for simu-
lating fluid motion using procedural shape growth are
described. Embodiments of a vector-based, fluid motion
simulation technique are described in which fluid location
may be defined by groups of one or more polygons deposited
on a digital canvas. Two or more polygons may overlap. The
polygons may generally be, but are not necessarily, semi-
transparent. A set of polygons may be, but are not necessarily,
of uniform color. To simulate fluid motion, 1instead of com-
puting the fluid tflow between cells or pixels of a grid as in
conventional raster-based techniques, embodiments instead
compute the movement of vertices that specily the edges of
cach deposited polygon. By moving the vertices, a polygon
may grow, and fluid motion effects may be simulated, includ-
ing but not limited to directional flow and blending effects.
Embodiments of the vector-based, fluild motion simulation
technique may require less processing power than conven-
tional, raster-based techniques that compute flow and other
elfects at each cell or pixel, and thus may render frames faster
than conventional, raster-based fluid motion simulators. In
addition, raster-based techniques tend to exhibit pixilation
when zoomed 1n. Since the fluid motion simulation technique
1s vector-based, objects drawn with the technique may exhibit
smooth edges when zoomed 1nto.

Embodiments of the vector-based, fluid motion simulation
technique may, for example, be used 1n simulated painting,
applications, including but not limited to simulated water-
color painting applications. In embodiments of a painting
method that employs the vector-based, fluid motion simula-
tion technique, simulated tluid, for example simulated water-
color paint and/or water, may be deposited on a canvas as one
or more groups, each group including one or more polygons.
The polygons may be, but are not necessarily, semitranspar-
ent. For example, paint may be deposited to a digital canvas
via strokes applied with a brush. In at least some embodi-
ments, the deposited polygons may be iteratively grown and
blended by a method implemented 1n a background process.
Alternatively, the deposited polygons may be iteratively
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2

grown and blended by a method implemented 1n a program-
matic loop, and thus not 1n a background process. At each
iteration, the method may check to see 11 there are any live
polygons according to the lifespan attribute of the polygons.
If there are live polygons, then the method may grow the live
polygons by independent movement of the vertices of the
polygons. In at least some embodiments, a randomization
technique may be applied to the movement at each vertex of
cach polygon. The method may then render and display the
polygons on the canvas. Rendering and displaying the poly-
gons may include blending overlapping semitransparent
polygons with overlapped polygons or other overlapped
objects, such as the canvas itself. Additional simulated fluid
may be deposited to the canvas. For example, a user may
choose to add additional paint to the canvas via the user
interface. The additional deposited polygons may be simi-
larly grown and blended by the background process or pro-
grammatic loop. The background process or programmatic
loop may continue to iteratively process the deposited poly-
gons until there are no more live polygons, that 1s until the
paint 1s “dry.”

In at least some embodiments of a method for processing a
deposited polygon, a polygon may be deposited to a canvas.
The deposited polygon may, but does not necessarily, overlap
another polygon. At an 1imitialization step, for each vertex of
the polygon, a local vector may be determined from a global
vector of the polygon and the 1nitial local vector of the vertex.
In at least some embodiments, the global vector of the poly-
gon and the 1mitial local vector of the vertex are summed to
generate the starting local vector for the vertex. After initial-
1zation, the deposited polygon may be 1teratively grown and
blended by a method implemented in a background process or
programmatic loop. At each iteration, the method may check
to see 1f the polygon 1s alive according to a lifespan attribute
of the polygon. If the polygon i1s alive, then the method may
grow the polygon by independent movement of the vertices of
the polygon. For each vertex of the polygon, a new position
for the vertex may be determined from the current position of
the polygon, the local vector of the polygon, one or more
attributes, and a randomization factor. In at least some
embodiments, at each vertex, the following equation may be
used to compute the new position to which the vertex 1s to be
moved:

P, .=P_; A+ VES+R

where P_, , designates the current position of the vertex, P, _
designates the new position for the vertex, V designates the
local vector for the vertex, S designates the speed or velocity
at the vertex, and R represents randomized values that may be
added to the (x,y) coordinates of the vertex; the randomized
values may be positive or negative. In at least some embodi-
ments, at each vertex of a polygon, before computing P, _ for
the vertex, a check may be performed to determine 1f the
vertex 1s on a wet polygon that 1s overlapped by the vertex’s
polygon. I1 the vertex 1s on a wet polygon, then S (the speed,
or velocity) at the vertex may be increased to account for the
wetness of the overlapped polygon.

The polygon may be blended with overlapped polygons, 11
any. In at least some embodiments, to blend a polygon with an
overlapped polygon, a blending technique may be applied 1n
which the color of the polygon 1s multiplied by an alpha value
and added to the color of the overlapped polygon, multiplied
by (1-alpha). In at least some embodiments, alpha may be a
floating-point number, for example 1n the range [0,1], and

may be dertved from, the current opacity level of the overlap-
ping polygon.



US 8,676,552 B2

3
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates the border of an example polygon,
according to at least some embodiments.

FIG. 1B shows an example of shading that may be dis-
played on a canvas when the example polygon of FIG. 1A 1s
mitially applied, according to at least some embodiments.

FIG. 1C shows an example 1n which two of the example
polygon from FIGS. 1A and 1B are applied so as to partially
overlap, according to at least some embodiments.

FIGS. 2A through 2D show various examples of polygons
that may be used, according to at least some embodiments.

FI1G. 3 illustrates global and local attributes of an example
polygon, according to at least some embodiments.

FIG. 4 1llustrates the application of four instances of the
example polygon from FIGS. 1A and 1B to a canvas, accord-
ing to some embodiments.

FIG. 5 illustrates an example group that includes three
partially overlapping, semitransparent polygons, according
to at least some embodiments.

FIG. 6 illustrates an example group that includes five over-
lapping polygons, according to at least some embodiments.

FIG. 7 illustrates an example group that includes nine
overlapping polygons, according to at least some embodi-
ments.

FIG. 8 illustrates an example group that includes the
example polygon of FIG. 2A 1 the center, surrounded by four
polygons similar to the example polygon of FIG. 2C.

FIG. 9 1llustrates an example group that includes a six-
sided polygon 1n the center, surrounded by six polygons simi-
lar to the example polygon of FIG. 2C.

FI1G. 10 1llustrates an example group that includes a rela-
tively large polygon with three partially overlapping smaller
polygons arranged along one side of the larger polygon.

FIG. 11 1llustrates an example group in which a larger
polygon completely overlaps or encloses a smaller polygon.

FI1G. 12 illustrates the application of eight instances of the
example group from FIG. 6 to a canvas, according to at least
some embodiments.

FI1G. 13 illustrates a set of example brush strokes made by
example brushes that may be defined, for example for a water-
color simulation application, according to at least some
embodiments.

FI1G. 14 shows example brush 1 from FIG. 13 as including
a group with one substantially circular polygon.

FI1G. 15 shows example brush 13 from FIG. 13 as including
a group with multiple substantially circular polygons.

FIG. 16 shows example brush 15 from FI1G. 13 as including,
a group with multiple substantially circular polygons, where
one of the polygons 1s water and the others are pigment.

FIG. 17 illustrates the growth and blending of a polygon
deposited on a digital canvas, according to at least some
embodiments.

FI1G. 18 illustrates the growth and blending of a polygon
deposited on an existing painted region, according to at least
some embodiments.

FI1G. 19 illustrates the deposition, growth and blending of
two partially overlapping polygons, according to at least
some embodiments.

FIG. 20A 1s an image that shows several example real

strokes and effects achieved via natural watercolor painting.

FIG. 20B 1llustrates each of the example real watercolor
strokes 1n FIG. 20A simulated with an embodiment of the

vector-based, fluid motion simulation technique.
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FIG. 21 illustrates a user interface that may be used with at
least some embodiments of the vector-based, fluid motion

simulation techmque, for example 1n a watercolor stmulation
application.

FIGS. 22A through 22C illustrate several methods that
may be used to mteract with a user mterface to the vector-
based, fluid motion simulation technique to deposit paint on a
canvas and to perform other actions, according to at least
some embodiments.

FIG. 23 1llustrates an example of watercolor painting using,
the vector-based, fluid motion simulation technique, accord-
ing to at least some embodiments.

FIG. 24 1s a high-level flowchart of a painting method that
employs the vector-based, fluid motion simulation techmque,
according to at least some embodiments.

FIG. 25 15 a flowchart of a method for processing a depos-
ited polygon, according to at least some embodiments.

FIG. 26 1s a flowchart of a method for moving a vertex of a
polygon, according to at least some embodiments.

FIG. 27 1llustrates a module that may implement a vector-
based fluid motion simulation technique, according to at least
some embodiments.

FIG. 28 illustrates an example computer system that may
be used 1n embodiments.

While the invention 1s described herein by way of example
for several embodiments and illustrative drawings, those
skilled 1n the art will recognize that the mvention 1s not
limited to the embodiments or drawings described. It should
be understood, that the drawings and detailed description
thereto are not intended to limit the invention to the particular
torm disclosed, but on the contrary, the intention is to cover all
modifications, equivalents and alternatives falling within the
spirit and scope of the present mnvention. The headings used
herein are for organizational purposes only and are not meant
to be used to limit the scope of the description. As used
throughout this application, the word “may” 1s used i1n a
permissive sense (1.€., meaning having the potential to),
rather than the mandatory sense (1.e., meaning must). Simi-
larly, the words “include”, “including”, and “includes” mean
including, but not limited to.

DETAILED DESCRIPTION OF EMBODIMENTS

In the following detailed description, numerous specific
details are set forth to provide a thorough understanding of
claimed subject matter. However, it will be understood by
those skilled 1n the art that claimed subject matter may be
practiced without these specific details. In other instances,
methods, apparatuses or systems that would be known by one
of ordinary skill have not been described 1n detail so as not to
obscure claimed subject matter.

Some portions of the detailed description which follow are
presented 1n terms of algorithms or symbolic representations
of operations on binary digital signals stored within a
memory of a specific apparatus or special purpose computing
device or platiorm. In the context of this particular specifica-
tion, the term specific apparatus or the like includes a general
purpose computer once 1t 1s programmed to perform particu-
lar functions pursuant to instructions from program soitware.
Algorithmic descriptions or symbolic representations are
examples of techniques used by those of ordinary skill 1n the
signal processing or related arts to convey the substance of
their work to others skilled 1n the art. An algorithm 1s here,
and 1s generally, considered to be a self-consistent sequence
of operations or similar signal processing leading to a desired
result. In this context, operations or processing involve physi-
cal mamipulation of physical quantities. Typically, although
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not necessarily, such quantities may take the form of electri-
cal or magnetic signals capable of being stored, transferred,
combined, compared or otherwise manipulated. It has proven
convenient at times, principally for reasons ol common
usage, to refer to such signals as bits, data, values, elements,
symbols, characters, terms, numbers, numerals or the like. It
should be understood, however, that all of these or similar
terms are to be associated with appropriate physical quanti-
ties and are merely convenient labels. Unless specifically
stated otherwise, as apparent from the following discussion, it
1s appreciated that throughout this specification discussions
utilizing terms such as “processing,” “computing,” “calculat-
ing,” “determining” or the like refer to actions or processes of
a specific apparatus, such as a special purpose computer or a
similar special purpose electronic computing device. In the
context of this specification, therefore, a special purpose
computer or a similar special purpose electronic computing
device 1s capable of mampulating or transforming signals,
typically represented as physical electronic or magnetic
quantities within memories, registers, or other information
storage devices, transmission devices, or display devices of
the special purpose computer or similar special purpose elec-
tronic computing device.

Various embodiments of methods and apparatus for simu-
lating fluud motion using procedural shape growth are
described. Embodiments of a vector-based, fluid motion
simulation technique are described in which fluid location
may be defined by groups of one or more polygons deposited
on a digital canvas. Two or more polygons may overlap. The
polygons may generally be, but are not necessarily, semi-
transparent. A set of polygons may be, but are not necessarily,
of uniform color. To simulate fluid motion, instead of com-
puting the fluid flow between cells or pixels of a grid as in
conventional raster-based techniques, embodiments instead
compute the movement of vertices that specily the edges of
cach deposited polygon. By moving the vertices, a polygon
may grow, and tluid motion eflects may be simulated, includ-
ing but not limited to directional flow and blending etlects.
Each polygon may have a certain lifespan and a certain time
in which 1t 1s considered wet. The movement of polygon
vertices may be controlled or influenced by various attributes,
including but not limited to whether the vertex 1s over another
polygon that 1s still wet and an 1imitial vector that may depend
on the location of a particular polygon within an area of the
initial deposition.

Embodiments of the vector-based, fluid motion simulation
technique may require less processing power than conven-
tional, raster-based techniques that compute flow and other
elfects at each cell or pixel, and thus may render frames faster
than conventional, raster-based fluid motion simulators. In
addition, raster-based techniques tend to exhibit pixilation
when zoomed 1n. Since the fluid motion stmulation technique
1s vector-based, objects drawn with the technique may exhibit
smooth edges when zoomed into. In at least some embodi-
ments, locally smoothed Bezier curves may be used for the
edges between the vertices of the polygons to help achieve a
smooth effect.

An example application for embodiments of the vector-
based, fluid motion simulation technique i1s 1 watercolor
painting simulation. However, the technique may be used for
simulating the deposition, fluid motion, and blending of other
substances (e.g. fluids, gasses, vapors, etc.) such as o1l or
acrylic paints, flowing water, smoke, clouds, fire, lava, and 1n
general any other substance or phenomenon that exhibits
similar dynamics.

In at least some embodiments, a fluid may be represented
as a set of overlapping, semitransparent polygons of uniform
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color. The polygons may be deposited singly or in groups.
Together, the deposited polygons capture the representation
of the fluid across space. In watercolor simulation, for
example, as a brush 1s moved across a canvas, watercolor
paint (pigment plus water) may be deposited 1n groups of five
partially overlapping polygons (see, e.g., FIGS. 6 and 8). Five
polygons 1n a group 1s an example; more or fewer polygons
may be deposited 1n a group (see, e.g., FIGS. 5,7, 9, 10, and
11). Two or more polygons in a group may overlap, and
groups may be deposited so that polygons in adjacent groups
at least partially overlap. Fluid motion may be simulated by
moving the vertices of the polygons representing the depos-
ited fluid. In at least some embodiments, the movement of the
vertices may be randomized. However, the movement of a
vertex may be influenced by one or more factors determined
by attributes of the respective polygon and/or group. For
example, 1n watercolor simulation, each group or each poly-
gon may have a certain lifespan and a certain time 1n which 1t
1s considered wet. Thus, factors that may influence the move-
ment of vertices may include whether a given vertex in one
(overlapping) polygon 1s over another (overlapped) polygon
that 1s still wet. Other factors that may intfluence the move-
ment of a vertex may include an 1nitial velocity and an 1nitial,
global direction vector. Attributes such as lifespan, 1nitial
opacity, initial velocity, and 1nitial vector may be associated
with each polygon; different polygons 1n a group may have
different attributes. Alternatively, one or more attributes may
be associated with a group and inherited by or applied to the
polygons 1n the group, and thus may influence at least the
initial motion of all vertices of all polygons 1n the group.
Embodiments of the vector-based, fluid motion simulation
technique may be implemented on various types of devices,
including, but not limited to, a personal computer system,
desktop computer, laptop, notebook, or netbook computer,
mainiframe computer system, handheld computer, worksta-
tion, and network computer. FIG. 28 1llustrates an example
computer system that may implement various embodiments.
By employing a vector-based technique that simulates fluid
motion by computing the movement of vertices that specily
the edges of each deposited polygon, embodiments may
require less processing power than conventional, raster-based
techniques that compute flow and other effects at each cell or
pixel, and thus may render frames faster than conventional
fluid motion simulators. Thus, embodiments may be 1mple-
mented on devices with relatively low processing power, such
as tablet devices and PDAs, to render results of fluid deposi-
tion, motion, and blending faster than conventional tech-
niques, making such applications practical. In general,
embodiments may be implemented on any type of computing

or electronic device to simulate tluid motion.

Embodiments of the vector-based, fluid motion simulation
technique may be implemented in any artistic, graphical
design, or image processing application, or more generally 1n
any application in which fluid motion may be simulated for
artistic or other purposes. Embodiments of the vector-based,
fluid motion simulation technique may, for example, be
implemented as a stand-alone application, as a module of an
application, as a plug-in for applications including but not
limited to artistic, graphical design, and 1mage processing
applications, and/or as a library function or functions that
may be called by other applications such as artistic, graphical
design, and 1image processing applications. Specific examples
ol applications or technologies 1n which embodiments may

be implemented include, but are not limited to, Adobe® Pho-
toshop® technology, Adobe® Flash® technology, and

Adobe® After Effects® technology. “Adobe™, “Photoshop™,
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“Flash”, and “After Effects” are either registered trademarks
or trademarks of Adobe Systems Incorporated 1n the United
States and/or other countries.

Embodiments of the vector-based, fluid motion simulation
technique may be performed by a flmd motion simulation
module implemented by program instructions stored in a
computer-readable storage medium and executable by one or
more processors (e.g., one or more CPUs and/or GPUs). In
some embodiments, at least some components of a fluid
motion simulation module may be implemented on or 1n one
or more graphics processing units (GPUs). An example fluid
motion simulation module that may implement embodiments
of the vector-based, fluid motion simulation technique as
described herein 1s 1llustrated 1n FIG. 27. An example com-
puter system on which embodiments of the vector-based,
fluid motion simulation technique may be implemented 1s
illustrated 1n FIG. 28.

Polygons

Embodiments of the vector-based, fluid motion stmulation
technique may employ polygons with various attributes; the
polygons may be applied to a digital canvas 1n various
arrangements via various techniques to achieve a wide range
of fluid motion effects. The polygons may generally be, but
are not necessarily, semitransparent. The border(s) of a poly-
gon, defined by a set of vertices, may be expanded from an
initial position when applied to the digital canvas to simulate
the spread and blending of a deposited fluid. A polygon may
have one or more global attributes, such as initial direction (as
a global vector), velocity, and lifespan, that may affect the
growth of the border. A polygon may have other attributes
such as color and a position. In at least some embodiments,
cach vertex on the border of a polygon may have one or more
local attributes, such as local direction (as a local vector) and
velocity, that locally affect the movement of the individual
vertex. In at least some embodiments, a randomization tech-
nique may be applied to the movement at each vertex to
simulate the non-uniform expansion along the edges of a
deposited fluid, for example 1n a watercolor simulation.

FIG. 1A illustrates the border of an example polygon,
according to at least some embodiments. Example vertices
that define the polygon are shown, as well as example edges
that connect the vertices. A polygon with irregular, jagged
edges as shown 1n FIG. 1A may be defined as an 1nitial shape.
However, the polygon shown 1n FIG. 1A may also be repre-
sentative ol a smooth-edged polygon after one or more 1tera-
tions of growing the border. In at least some embodiments, the
edges of a polygon may be Bezier curves to facilitate smooth-
ness, for example when zooming in. FIG. 1B shows an
example of shading that may be displayed on a canvas for the
example polygon of FIG. 1A.

Polygons may be individually applied to the digital canvas,
or may be applied 1n groups that include two or more poly-
gons. Inthis document, a group may be defined as a collection
ol one or more polygons that may be applied as a unit to a
canvas. Two or more polygons applied to a digital canvas, for
example 1n a brush stroke, may overlap. Generally, to achieve
various fluid motion effects, polygons are applied so that two
or more polygons do overlap. Overlapping may occur when
one polygon 1s first applied, and a second polygon 1s then
applied that overlaps the first polygon. In addition, two or
more polygons 1n a group of polygons applied to the canvas as
a unit may overlap. Two or more polygons that do not overlap
when 1nitially applied to the canvas may also grow until the
polygons do overlap. FIG. 1C shows an example in which two
of the example polygon from FIGS. 1A and 1B are applied so
as to partially overlap. The borders are shown 1n this example
for clarity. Note the overlapping region.
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A second polygon (or overlapping polygon) that overlaps a
first polygon (or overlapped polygon) may be affected by the
first polygon. For example, the color of an overlapping, semi-
transparent polygon may be blended with the color of an
overlapped polygon according to an opacity level of the over-
lapping polygon, as shown 1n the overlapping region of FIG.
1C. In at least some embodiments, opacity may be stored and
indicated as a real number within a range [0.0, 1.0], with 0.0
indicating fully transparent and 1.0 indicating fully opaque.
Note that other methods may be used to store and/or indicate
opacity, for example integers 1n the range [0, n] where 0 1s
fully transparent and n 1s fully opaque. The opacity of a
polygon may be decreased as the polygon grows, so that
polygons tend to become more transparent as they grow. As a
polygon becomes more transparent (or less opaque), more of
the color underneath the polygon 1s blended with the overlap-
ping polygon. As another example, the wetness of an over-
lapped polygon may affect the growth of an overlapping
polygon. Each polygon may have a wetness attribute. The
wetness attribute may be related to the lifespan of the poly-
gon; as long as the polygon 1s alive, the polygon 1s considered
to be wet. IT a second polygon 1s applied that at least partially
overlaps a first polygon that 1s still wet, the velocity of vertices
on the border of the second polygon that are within the first
polygon may be increased to account for the wetness of the
first polygon. Note that one or more attributes of an over-
lapped polygon may also be affected by an overlapping poly-
gon. For example, the wetness of the overlapping, live poly-
gon may affect the velocity of at least some of the vertices of
an overlapped polygon that 1s still alive according to 1ts
lifespan, and therefore still wet. FIG. 1C shows examples of
overlapped vertices and non-overlapped vertices for the two
overlapped polygons. As long as the overlapped vertices of a
wet polygon are within another, still wet polygon, the over-
lapped vertices may tend to grow faster than non-overlapped
vertices. These behaviors of overlapped, semitransparent
polygons tend to blend two overlapped polygons with a real-
istic fluid flow effect (see, e.g., FI1G. 19).

Polygons of various sizes, symmetrical or asymmetrical
shapes, regular or irregular shapes, and number of vertices on
the border(s) may be specified and applied. FIGS. 2A through
2D show various examples of polygons that may be used,
according to at least some embodiments. FIG. 2A 1llustrates
an example polygon that has a relatively smooth border, 1n
contrast to the example polygon in FIG. 1A that has a jagged
border. FI1G. 2B illustrates an example polygon that has two
borders, an inner border and an outer border, that may be
supported 1n some embodiments. Both the inner border and
the outer border include a plurality of vertices, and the verti-
ces on both borders may be grown independently as described
herein. The black arrow from an example vertex on the inner
border represents a local vector of the inner border, and the
black arrow from an example vertex on the outer border
represents a local vector of the outer border. Note that, 1n this
example, the outer border tends to expand outward, while the
inner border tends to expand inward to fill the “hole.” FIGS.
2C and 2D 1illustrate example polygons. In contrast to the
substantially circular example polygons of FIGS. 1A, 2A, and
2B, the example polygons of FIGS. 2C and 2D have 1rregular
shapes. FIG. 2C shows a half-moon shaped polygon. Note
that the border of the polygon may be defined by multiple
vertices, as illustrated by the small circles along the border of
this polygon. FI1G. 2D shows another half-moon shaped poly-
gon with jagged edges. A polygon with jagged edges as
shown 1n FIG. 2D may be defined as an 1nitial shape. How-
ever, the polygon shown in FIG. 2D may also be representa-
tive of a polygon after one or more iterations of growing the
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border, for example the border of the example polygon of
FIG. 2C. In addition to various sizes, shapes and number of
vertices, polygons with various global attribute settings, such
as 1nitial direction, velocity, color, opacity, and lifespan, may
be specified and applied.

FI1G. 3 illustrates global and local attributes of an example
polygon, according to at least some embodiments. The border
of the polygon 1s defined by a set of vertices. The vertices may
be independently grown from their initial positions when
applied to a digital canvas to simulate the spread of a tfluid.
The polygon may have one or more global attributes, such as
a global vector and a lifespan, that may affect the growth of
the border. The white arrow 1n FIG. 3 illustrates an example
global vector for the polygon. In at least some embodiments,
cach vertex on the border of a polygon may have one or more
local attributes, such as a local vector, that locally affect the
movement of the individual vertex. The black arrows extend-
ing from the vertices of the polygon i FIG. 3 illustrate
example local vectors. In at least some embodiments, a ran-
domization technique may be applied to the movement at
cach vertex to simulate the non-uniform expansion along the
edges of a deposited tluid, for example 1n a watercolor simu-
lation.

Note that while FIG. 3 shows an example polygon that
includes a global vector that indicates direction (which may
influence at least the mnitial direction of movement of the
vertices) and length (which may be taken to represent an
initial velocity that may influence at least the mitial velocity at
which the vertices move), a polygon may have a null or zero
global vector. In a polygon with a null global vector, the
direction and velocity of the movement of the vertices may be
determined primarily by the attributes of the vertices, for
example by the local vectors of the vertices. For example, a

substantially circular polygon, such as the polygons 1llus-
trated 1n FIGS. 1A-1B, 2A, and 2B may have a null global

vector so that the vertices tend to expand outward in a more or
less uniform fashion according to the vertices’ respective
local vectors and velocities. The effect of a polygon’s global
vector on the movement of the vertices will be further dis-
cussed below.

Polygons may be applied to a canvas via manual input
techniques (e.g., one or more polygons may be applied to a
canvas using brush strokes) or via automated techniques (e.g.,
one or more polygons may be programmatically applied to
borders of an object in an 1input image). Two or more polygons
applied to a canvas via one of these techniques may overlap.
The polygons may generally be, but are not necessarily, semi-

transparent. A set of polygons applied by one of these tech-
niques may be, but are not necessarily, of uniform color. FIG.
4 1llustrates the application of four mstances of the example
polygon from FIGS. 1A and 1B to a canvas, according to
some embodiments. The border of the polygons 1s shown for
clarity. The white arrow 1ndicates the direction of the stroke.
Thus, the leftmost polygon was the first applied, and the
rightmost polygon was the last applied. Note that each poly-
gon overlaps, or 1s overlapped by, at least one other polygon.
Groups

As previously mentioned, polygons may be individually
applied to the digital canvas, or may be applied 1n groups that
include two or more polygons. A group may be defined as a
collection of one or more polygons that may be applied as a
unit to a canvas. In a group including two or more polygons,
the mndividual polygons may be of different sizes and shapes,
may have a different number of vertices on the border, and
may have different global attribute settings, for example dif-
ferent mmtial directions and/or velocities. Grouping two or
more polygons and applying the polygons 1n groups as a unit
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may help to achieve various fluid motion effects that are not
casy or not possible to achieve by applying a single polygon.

FIGS. 5 through 11 1illustrate several example groups that
cach include two or more polygons, according to some
embodiments. Note that, while FIGS. 5-7 and 10 show the
polygons as circles for illustrative purposes, 1n practice the
borders of each polygon may be represented by vertices con-
nected by edges. The white arrows on the polygons 1n FIGS.
5 through 10 illustrate example global vectors of the poly-
gons. Note that the global vectors of the various polygons
may be different so that the respective polygons have differ-
ent mitial directions and/or different initial velocities

FIG. 35 illustrates an example group that includes three
partially overlapping, semitransparent polygons, according
to at least some embodiments. Note the region in the center
where all three polygons overlap, and that the global vectors
are 1mnitialized so that the vertices of the three polygons tend to
grow outward from the center of the group. However, note
that the velocities of the vertices 1n overlapped portions may
be 1nfluenced (e.g., sped up) due to the fact that the vertices
are 1n “‘wet” portions of overlapped or overlapping polygons.
This may tend to pull the portions of the border that are 1n
overlapped regions into the other polygons so that the over-
lapping polygons tend to merge and blend (see, e.g., F1G. 19).

FIG. 6 1llustrates an example group that includes five over-
lapping polygons, according to at least some embodiments. A
center polygon 1s represented by the bolded circle; the center
polygon 1s surrounded by four outer, partially overlapping
polygons. The four outer polygons each has a global vector
with direction and velocity; the center polygon has a null or
zero global vector.

FIG. 7 illustrates an example group that includes mine
overlapping polygons, according to at least some embodi-
ments. A center polygon 1s represented by the bolded circle;
the center polygon 1s surrounded by eight partially overlap-
ping polygons. Each of the eight outer polygons has a global
vector with direction and velocity; the center polygon has a
null or zero global vector.

While FIGS. 5 through 7 illustrate example groups that
include polygons of substantially the same size and shape, a
group may include polygons of different sizes and/or shapes,
as illustrated 1n FIGS. 8 through 11. FIG. 8 illustrates an
example group that includes the example polygon of FIG. 2A
in the center, surrounded by four polygons similar to the
example polygon of FIG. 2C. Each of the four outer polygons
partially overlaps the center polygon. The four outer poly-
gons all have global vectors with direction and velocity; the
center polygon has a null or zero global vector. FIG. 9 1llus-
trates an example group that includes a substantially hexago-
nal polygon 1n the center, surrounded by six irregular poly-
gons similar to the example polygon of FIG. 2C. The six outer
polygons do not imitially overlap the center polygon. The six
outer polygons all have global vectors with direction and
velocity, as shown by the white arrows; the center polygon has
a null or zero global vector. Note that the center polygon may
have additional vertices between the six shown vertices to
provide a more natural fluid motion etfect.

While FIGS. 5 through 9 illustrate example groups in
which the polygons appear to be arranged 1n a regular pattern,
polygons may be arranged 1n irregular patterns 1n a group, as
illustrated 1n FIGS. 10 and 11. FIG. 10 illustrates an example
group that includes a relatively large polygon with three par-
tially overlapping smaller polygons arranged along one side
of the larger polygon. Note that, 1n this example, all four
polygons have global vectors with direction and velocity, as
shown by the white arrows.

[l
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While FIGS. 5 through 10 illustrate example groups in
which the polygons partially overlap, a group may include
one or more polygons that are completely overlapped by other
polygons. For example, FIG. 11 1llustrates an example group
with two polygons; a larger polygon that completely overlaps
or encloses a smaller polygon. Note that, 1n this example, the
smaller polygon has a non-null global vector, while the larger
polygon has a null or zero global vector. FIG. 11 may also be
used to 1llustrate the use of water, for example 1n a watercolor
simulation application. The larger polygon in this example
may be water, while the smaller, enclosed polygon may be
pigment. In at least some embodiments, to designate a poly-
gon as water, the opacity may be set to O so that the polygon
1s fully transparent. A water polygon may, but does not nec-
essarily, grow, but contributes no pigment or shading since 1t
1s fully transparent. However, a water polygon may ail

ect
other polygons that overlap, or are overlapped by, the poly-
gon. For example, the velocity of the vertices of the smaller,
pigment polygon 1n FIG. 11 may be increased to account for
the wetness of the larger, water polygon.

One or more groups each including one or more polygons
may be applied as units via manual input techniques (e.g.,
groups may be applied to a canvas using brush strokes) or via
automated techniques (e.g., groups may be programmatically
applied to borders of an object 1n an mnput 1mage). Two or
more groups deposited on a canvas via one of these tech-
niques may overlap. The polygons 1n the groups may gener-
ally be, but are not necessarily, semitransparent. The poly-
gons 1n each group applied by one of these techniques may be,
but are not necessarily, of uniform color. FIG. 12 illustrates
the application of eight mstances of the example group from
FIG. 6 to a canvas, according to at least some embodiments.

The borders of the polygons are not shown. The black arrow
indicates the direction of the stroke that applied the groups.
Thus, the leftmost polygon was the first applied, and the

rightmost polygon was the last applied. Note that each poly-
gon overlaps, or 1s overlapped by, at least one other polygon,
and that each group overlaps, or 1s overlapped by, at least one
other group.

Vertex, Polygon and Group Attributes

In at least some embodiments, each vertex of a polygon
may have a set of one or more attributes, such as local vector,
position, and velocity, that may be specifically assigned to
that vertex. In addition, each polygon may have a set of one or
more attributes, such as a global vector, color, opacity, and
velocity, that may be specifically assigned to the polygon.
Twopolygons 1n a group may have different values for at least
some attributes, such as a global vector, velocity and opacity.
In addition, a group may have a set of one or more attributes
that may be applied to polygons within the group. For
example, a group color attribute and a group lifespan attribute
may be applied to, or inherited by, all of the polygons 1n the
group. Other examples include, but are not limited to, opacity,
which in some embodiments may be set at the group level and
inherited by or applied to polygons within the group.

The following illustrates, at an abstract level, how a data
structure for representing a group ol one or more polygons
may be formed 1n at least some embodiments, and 1s not
intended to be limiting. Note that, 1n at least some embodi-
ments, the polygons may be stored in a format, or alterna-
tively converted to a format, that can be processed by a graph-
ics processing unit (GPU):
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GROUP X
<group attributes, e.g. lifespan, size, opacity, velocity color, etc.>
Group Polygon List:
POLYGON A
<polygon attributes, e.g. global vector, velocity, etc.>
Polygon Vertex List:
VERTEX 1
<vertex attributes, e.g. local vector, velocity,
position=>
VERTEX 2
<vertex attributes, e.g. local vector, velocity,
position >

<end Polygon Vertex List >
POLYGON B

<polygon attributes, e.g. global vector, velocity, etc.>
Polygon Vertex List:
VERTEX 1
<vertex attributes, e.g. local vector, velocity,
position >
VERTEX 2
<vertex attributes, e.g. local vector, velocity,
position >

<end Polygon Vertex List >

<end Group Polygon List>
<end GROUP X>

Brushes

In at least some embodiments, various brushes (or more
generally applicators) may be defined; a defined brush may
then be used to apply particular groups of one or more poly-
gons as units to a digital canvas. Multiple units, generally but
not necessarily overlapping, may be applied by a brush 1in one
action, for example via a stroke applied using a cursor control
device such as a mouse. For example, a graphical user inter-
face may be provided via which a user may select a brush and
apply strokes to a canvas using the selected brush, each stroke
applying one or more units to the canvas according to factors
including the path, length, and speed of the stroke. As another
example, a graphical user interface may be provided via
which a user may select a brush that may be used to program-
matically apply groups of polygons to borders of an object in
an mput image. A brush may have various attributes, such as
s1Ze, opacity, and color, that may be applied to or inherited by
the units of the brush. In some embodiments, a brush may be
defined with preset attributes, such as size and opacity. In
some embodiments, a user may change one or more attributes
ol a brush, for example the color to be applied by the brush,
prior to or between strokes. For example, 1n some embodi-
ments, a user may set or change the color of a brush before a
stroke 1s applied by selecting a color (or a blending of colors)
from a palette user interface. As another example, 1n a water-
color simulation application or similar application, a user
may add water to a brush before a stroke 1s applied to dilute
the color of the brush and also to change the fluid dynamics
(e.g., the velocity) of the watercolor paint.

The following illustrates, at an abstract level, how a data
structure for representing a brush may be formed in at least
some embodiments, and 1s not imntended to be limiting:
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BRUSH Z
<brush attributes, e.g. size, opacity, velocity, color, lifespan, etc.>
GROUP X (inherits one or more attributes from the brush)

<end BRUSH Z>

While this example shows a brush 7 that includes one
group X that may be applied using the brush, 1n at least some
embodiments a brush may include and apply two or more
different groups.

FI1G. 13 illustrates a set of example brush strokes made by
example brushes that may be defined, for example for a water-
color simulation application, according to at least some
embodiments. FIG. 13 shows 29 different brushes (brushes 0
through 28), each brush including at least one group that may

be applied to a canvas using the respective brush. In addition,
some of the brushes (e.g., brushes 6 A-B, 11A-B, and 12A-C)
have different brush attributes assigned to similar groups, so
that there are two number 6, two number 11, and three number
12 brushes. Brush 6, for example, has two versions: brush 6 A,
s1ze 3, and brush 6B, size 10. As another example, brush 12
has three versions: brush 12A, size 5, opacity 5; brush 12B,
s1ze 10, opacity 5; and brush 12C, size 10, opacity 10. Also
note that brushes 21 through 28 are similar, but differ prima-
rily 1n direction or vector.

FIGS. 14 through 16 show some of the example brushes
from FIG. 13 1n more detail. FIG. 14 shows example brush 1
from FIG. 13 as including a group with one substantially
circular polygon. The black arrows show the direction of
growth of the vertices of the polygon; the vertices tend to
grow outward from the center of the polygon. FIG. 15 shows
example brush 13 from FIG. 13 as including a group with
multiple substantially circular polygons. Each polygon in the
group 1ncludes a global vector that defines or influences the
growth of the respective polygon.

In at least some embodiments, different polygons in a
group may have different attributes that affect the visual
results of painting with the brush. For example, 1n some
embodiments, different polygons in a group may represent
different substances, such as water and pigment, that may be
used to generate various painting effects. As an example, FIG.
16 shows example brush 15 from FIG. 13 as including a group
with multiple substantially circular polygons, where one of
the polygons 1s water and the others are pigment (e.g., water-
color pigment). The larger outer polygon contains water,
while the three smaller, 1nner polygons arranged on one side
of the larger polygon contain paint or pigment. In at least
some embodiments, to designate a polygon as water, the
opacity may be setto O so that the polygon 1s fully transparent.
The mner, paint polygons have global vectors that tend to
spread the paint towards the near edge of the larger, water
polygon. The larger polygon has a null or zero global vector,
so the water tends to spread outward relatively evenly 1n all
directions according to the local vectors of the vertices. Note
that, since the inner, paint polygons are within the outer, water
polygon, the wetness of the outer polygon affects the velocity
ol the vertices of the inner polygons. Applying this group with
a brush may have an effect as shown 1n brush 15, where a
“leading edge” of the brush stroke has a higher concentration
of pigment, while the trailing edge has less pigment.
Polygon Application, Growth, and Blending

In at least some embodiments, polygons may be applied to
a canvas 1n groups of one or more polygons, as previously
described. Polygons may be applied to a canvas via manual
input techniques (e.g., one or more polygons may be applied
to a canvas using brush strokes) or via automated techniques
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(c.g., one or more polygons may be programmatically
applied, for example to borders of an object 1n an 1nput
image). Thus, polygon application may be event-driven or
programmatic. In either case, a fluid motion simulation mod-
ule may include an applicator submodule that enables and
performs the application of the polygons to the canvas.

The growth and blending of the applied polygons may be
performed by a process executing in the background. For
example, a background process may be scheduled to execute
30 times a second, or 60 times a second, or at some other
periodic or aperiodic interval, with a growth and blending
step and possibly a rendering of the resulting image per-
formed at each execution. The displayed image may be, but is
not necessarily, updated at each execution of the background
process. The background process may execute according to
its cycle or schedule even 1if there are no user interface events
(e.g., mouse-down events) or programmatic events between
executions. Fach polygon may include a lifespan attribute
that may be initialized when the polygon 1s initially deposited
on the canvas. At each execution, the background process
may grow each polygon that 1s still alive according to the
polygon’s lifespan. The lifespan may, for example, be indi-
cated by a counter that 1s mitialized to some value and that 1s
decremented (or, alternatively, incremented) at each execu-
tion of the background process; the polygon 1s alive until the
counter reaches a specified threshold, e.g. zero. Alternatively,
the lifespan may be time-based; that 1s, the polygon may be
initialized to be alive for two seconds, or some other period.
When that time 1s elapsed, the polygon 1s no longer alive, and
thus 1s not grown by the background process. Alternatively,
the growth and blending of the applied polygons may be
performed by a process implemented as a programmatic loop,
and thus not as a background process.

In at least some embodiments, at least part of the growth
and blending process, for example the rendering of the
updated polygons, may be performed on a GPU or GPUSs.
FIG. 27 shows an example fluid motion simulation module
920 that includes an applicator submodule 926 and a growth
and blending submodule 928; the growth and blending sub-
module represents the background process or programmatic
loop that grows, blends and renders the polygons. An example
computer system on which embodiments of the fluid motion
simulation module 920 may be implemented 1s illustrated 1n
FIG. 28. FIGS. 21 and 22A-22C 1llustrate example user inter-
faces to a fluid motion simulation module that may be used 1n
at least some embodiments.

In at least some embodiments, each deposited polygon 1s
grown by independently moving the vertices of the polygon
according to local vectors of the vertices; one or more other
attributes of the vertex, polygon, and/or group may atlect the
movement. In at least some embodiments, each vertex has a
position (€.g., an (X,y) coordinate) and a local vector or direc-
tion. A velocity, or speed, attribute atfects how far a vertex
may move at each movement. In at least some embodiments,
arandomization technique may be applied to the movement at
cach vertex to simulate the non-uniform expansion along the
edges of a deposited fluid. In at least some embodiments, at an
initialization step for a polygon, at each vertex the global
vector of the polygon and the 1nitial local vector of the vertex
are summed to generate a starting local vector for the vertex.
Thus, the global vector of the polygon, if not null or zero, may
influence the 1nitial direction of movement at each vertex. In
at least some embodiments, after the initialization of the
polygon, at each growth step of the polygon (1.e., at each
execution of the growth and blending submodule), at each
vertex of the polygon, the following equation may be used to
compute the new position to which the vertex 1s to be moved:

P =P _, AV S+R
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where P_, ; designates the current position of the vertex, P,
designates the new position for the vertex, V designates the
local vector for the vertex, S designates the speed or velocity
at the vertex, and R represents randomized values that may be
added to the (x,y) coordinates of the vertex; the randomized
values may be positive or negative.

In at least some embodiment, S (the speed, or velocity) at
cach vertex may be obtained from or influenced by the veloc-
ity attribute of the respective polygon. That 1s, a velocity
attribute of the polygon may determine or atfect the velocity
of the vertices. In some embodiments, S may be obtained
from or intluenced by the velocity attribute of the group to
which the polygon belongs. In at least some embodiments, S
may be adjusted according to the lifespan attribute of the
polygon. For example, the speed of the polygon may be
decreased with respect to the age of the polygon, so that the
vertices tend to move faster when the polygon 1s first depos-
ited, and tend to slow down as the polygon ages.

In at least some embodiments, at each vertex of a polygon,
betore computing P, . for the vertex, a check may be per-
formed to determine i1 the vertex 1s on a wet polygon that 1s
overlapped by the vertex’s polygon. If the vertex 1s on a wet
polygon, then S (the speed, or velocity) at the vertex may be
increased to account for the wetness of the overlapped poly-
gon.

In at least some embodiments, to blend a polygon with an
object beneath the polygon (e.g., the canvas, or another, over-
lapped polygon), a blending technique may be applied 1n
which the color of the polygon 1s multiplied by an alpha value
and added to the color of the object underneath the polygon,
multiplied by (1-alpha). The blending equation that may be
used 1n at least some embodiments may be expressed as:

Output color=alpha*polygon color+(1-alpha)*color
of object to be blended.

The colors may be, but are notnecessarily, RGB colors. Alpha
may be expressed as a floating-point number, for example in
the range [0,1]. In at least some embodiments, alpha may be,
or may be derived from, the current opacity level of the
polygon. In at least some embodiments, the shading of the
polygon tends to get lighter or darker as the polygon grows. In
at least some embodiments, to achieve this effect, the opacity
of the polygon 1s decreased (or the transparency 1s increased)
as the polygon increases in area. The color of the polygon
remains constant, but the color 1s blended with the color of the
object beneath the polygon, which tends to lighten or darken
the shading depending on the respective colors. Note that
other techniques for blending may be used 1n some embodi-
ments.

FIGS. 17 through 19 1llustrate polygon growth and blend-
ing, according to at least some embodiments. These Figures
are given for 1llustrative purposes, and are not intended to be
limiting. Each frame in these Figures illustrates an example of
an 1image that may displayed. The arrows between the frames
represent at least one execution of a background process or
programmatic loop that performs growth, blending, and ren-
dering of the polygon(s).

FIG. 17 1llustrates the growth and blending of a polygon,
similar to the example polygon of FIGS. 1A and 1B, depos-
ited on a digital canvas, according to at least some embodi-
ments. F1G. 17, frame 0 shows the polygon as initially depos-
ited on the canvas. FIG. 17, frames 1 through 8 1llustrate the
growth of the polygon by independently moving the vertices
of the polygon in a background process or programmatic
loop, as previously described. Note that, 1n this example, the
shading of the polygon tends to get lighter as the polygon
grows. In at least some embodiments, to achieve this effect,
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the opacity of the polygon 1s decreased (or the transparency 1s
increased) as the polygon increases 1n area. The color of the
polygon remains constant, but the color 1s blended with the
color of the object(s) beneath the polygon, 1n this example the
color of the canvas. Since, in this example, the canvas 1s
lighter than the color of the polygon, as the opacity decreases,
the shading of the polygon thus becomes lighter.

FIG. 18 1llustrates the growth and blending of a polygon,
similar to the example polygon of FIGS. 1A and 1B, depos-
ited on an existing painted region, for example a region of
previously deposited, but still wet paint, or alternatively a
region of water that has been deposited on the canvas, accord-
ing to at least some embodiments. The existing region 1s
represented by the relatively lightly shaded area within the
dashed line. FIG. 18, frame 0 shows the polygon as 1nitially
deposited on the existing region. FIG. 18, frames 1 through 8
illustrate the growth of the polygon by independently moving
the vertices of the polygon 1n a background process or pro-
grammatic loop, as previously described. As previously
noted, the wetness ol an overlapped polygon may be
accounted for by increasing the velocity of the vertices of an
overlapping polygon. In this example, this effect causes the
deposited polygon to rapidly spread out into the existing wet
region. However, when a portion of the border of the polygon
reaches the edge of the existing wet region, as can be seen
beginning at frame 2, the vertices along this portion of the
border of the polygon tend to slow down, as the vertices no
longer lie on the wet overlapped polygon.

Since, 1n this example, the shading of the existing region 1s
lighter than the color of the polygon, as the opacity decreases,
the shading of the polygon thus becomes lighter as more of
the color of the existing region overlapped by the polygon
comes through.

The example shown 1n FIG. 18 may be used to illustrate a
painting effect, for example a watercolor effect, that embodi-
ments may enable. The existing region bounded by the dashed
line may represent a shape deposited as a template. The tem-
plate may be composed of one or more polygons, which may
be referred to as template polygons. The attributes of each
template polygon may be set so that the polygon 1s alive and
thus wet, but with a velocity of 0, a null global vector, and null
local vectors so that the polygon does not grow, but still
alfects other polygons that overlap the template polygon. A
pigmented polygon deposited on the shape formed by the
template polygon(s) may tend to grow outward to conform to
the shape). Template polygons may be used, for example, to
simulate a watercolor effect that 1s used 1n real watercolor
painting 1n which a painter deposits paint in water previously
deposited on a canvas; the deposited paint then spreads out
into the water. To simulate this effect, one or more template
polygons may be deposited with an opacity of 0 to represent
water, a velocity of 0, and null vectors. The user may then
deposit paint polygon(s) in the water; the deposited paint
polygon(s) then expand to fill the shape formed by the water
template polygon(s).

FIG. 19 1llustrates the deposition, growth and blending of
two partially overlapping polygons similar to the example
polygon of FIGS. 1A and 1B, according to at least some
embodiments. FIG. 19, frame 0 shows two polygons A and B
as 1nitially deposited on a canvas. The borders of the polygons
are shown for illustrative purposes. The overlapping region of
the two polygons 1s indicated. FIG. 19, frames 1 through 9
illustrate the growth of the polygons by independently mov-
ing the vertices of both polygons 1n a background process or
programmatic loop, as previously described. As previously
noted, the wetness of overlapping polygons may be
accounted for by increasing the velocity of the vertices of one
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or both polygons. In this example, both polygons are wet, so
this effect causes portions of each deposited polygon that lie
within the other polygon to spread out into the other polygon.
However, portions of the borders of the polygons that do not
lie within the other polygon tend to grow slower, as the
vertices do not lie on the other, wet polygon. Frame 9 shows
a border for the overlapping region as a dashed line; note that
the overlapping region has expanded into both polygons, and
has grown much faster than the non-overlapped portions of
the polygons.

Note that the shading of the overlapping region is a blend-
ing of the colors of the two polygons. While this image 1s 1n
grayscale, 1f the images were color images, the blended colors
ol the polygon would be appropnately blended as a color mix.
For example, 1f polygon A was blue and polygon B was
yellow, the overlapping region would generally exhibit some
shade of green, depending on the values of the blue and
yellow polygons and on the opacity level. Also note that, as
the polygons grow, the opacity of the polygons decreases; as
the opacity decreases, the shading of the polygons, including
the shading of overlapped regions, may become lighter or
more diluted.

While FIG. 19 shows two overlapping polygons, more than
two polygons may overlap, as shown 1n FIGS. 4 and 12. The
motion and blending effects may be applied to the overlap-
ping regions, which may include portions of more than two
polygons. For example, the velocity of more than one over-
lapped wet polygon may be used to alter the velocity of at
least some of the vertices of an overlapping polygon. As
another example, more than two polygons may be blended. In
some embodiments, this blending of multiple polygons may
be performed by first blending the overlapping portions of the
two bottommost polygons, and then blending the results with
the next highest polygon, and so on
Watercolor Stmulation

As previously noted, an example application for embodi-
ments of the vector-based, fluid motion simulation technique
described herein i1s 1n watercolor simulation. For example,
embodiments of the polygons, groups, brushes, and polygon
growth and blending techniques as described herein may be
used 1n a watercolor stmulation application. A user interface
may be provided via which a user may apply watercolor paint,
water, and mixtures of paint and water to canvas using ditier-
ent brushes to simulate natural watercolor painting. FIG. 20A
1s an 1mage that shows several example real strokes and
cifects achieved via natural watercolor painting. FIG. 208
illustrates each of the real examples in FIG. 20A simulated
with an embodiment of the vector-based, fluid motion simu-
lation technique as described herein. FIGS. 21 and 22A-22C
illustrate example user interfaces that may be used 1n at least
some embodiments of a watercolor simulation application
that employs the vector-based, fluid motion simulation tech-
nique described herein.

Example User Interface

FIGS. 21 and 22A-22C illustrate example user interfaces
that may be used with at least some embodiments of the
vector-based, fluid motion simulation technique, for example
in watercolor simulation applications. These user interfaces
are given by way ol example, and are not intended to be
limiting.

FI1G. 21 1llustrates a user interface that may be used with at
least some embodiments of the vector-based, fluid motion
simulation technique, for example 1n a watercolor stmulation
application. The user interface 200 may provide a canvas 210
area on which painting 1s performed via one or more user
interface elements and techniques. The user interface 200
may provide a menus 202 area that includes one or more
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menu user interface elements via which a user may select
various menu items to perform various functions or select
various tools of the application. For example, a menu may
include an open option via which a user can open a new
canvas 210, a save option via which a user may save a current
canvas 210, and a print option via which a user may print a
current canvas 210.

Theuser interface 200 may also provide a brush palette 204
that includes one or more user interface elements via which a
user may select brushes for depositing paint on the canvas
210. The user interface 200 may also provide a color palette
206 that includes one or more user interface elements via
which a user may select (or blend) pigments for paint to be
deposited on the canvas 210 with a brush. While not shown, 1n
some embodiments, the user interface 200 may also provide a
user interface element via which a user may select water to be
applied by a brush or add water to dilute the pigment(s) on a
brush.

The user interface 200 may also include one or more other
user 1nterface elements or controls 208, which may include
but are not limited to buttons, slider bars, check boxes, radio
buttons, text entry boxes, and popup menus, via which a user
may, for example, set or modily one or more attributes of the
vector-based, tluid motion simulation technique as described
herein, for example attributes of a polygon, a group, or a
brush. For example, the user interface 200 may provide a
control via which a user may set or change the opacity for
paint to be applied by a brush. As another example, the user
interface 200 may provide a control via which a user may set
or change the size or diameter of strokes to be applied by a
brush.

FIGS. 22A through 22C illustrate several methods that
may be used to interact with the user interface 200 to deposit
paint on the canvas 210 and to perform other actions, accord-
ing to at least some embodiments of the vector-based, fluid
motion simulation technique. FIG. 22A 1llustrates a method
in which the user uses a cursor control device 230, for
example a mouse, to control a brush cursor 240 displayed on
a display device 220.To apply a stroke, the user may move the
cursor control device 230 to cause a corresponding movement
of the brush cursor 240 on the user iterface 200. The black
arrows 1ndicate a brush stroke motion of the cursor control
device 230, and a corresponding stroke applied to the canvas
210 with the cursor 240. Note that, in some embodiments, the
user may, for example, hold down a mouse button when
applying a brush stroke, releasing the mouse button when the
stroke 1s done. The user may use the cursor 240 to perform
other functions on the user interface, for example to select
from the brush palette 204, color palette 206, and other con-
trols 208.

In at least some embodiments, a touch method, where a
user 1interacts with the user interface 200 via a touch-enabled
device using gestures applied with one or more digits and/or
a stylus, may be used. The touch-enabled device may be a
conventional touch device 1n which a single digit or stylus 1s
used, or a multi-touch device that accepts and processes sub-
stantially simultaneous input from two or more digits. FIG.
22B illustrates a method that employs a touch-enabled device
250, such as a touch-sensitive pad, to apply strokes to a canvas
210 displayed on a display device 220. The black arrows
indicate a brush stroke gesture applied via the touch-enabled
device 250, and a corresponding stroke applied to the canvas
210. FI1G. 22C 1illustrates a method that employs a touch-
enabled display device 260 to apply strokes to a canvas 210
displayed on the display device 260. The black arrow 1ndi-
cates a brush stroke gesture applied via the touch-enabled
display device 260.
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Some touch-enabled devices may be pressure-sensitive,
and thus may support pressure functions. For example, a
touch pad as illustrated 1n FIG. 22B may be pressure-sensi-
tive. With such a device, at least some embodiments may
support various functions enabled by pressure applied via a
stylus to the touch surface. For example, varying levels of
pressure applied by a stylus to the touch surface may be used
to define the size of the brush, the opacity of the polygons or
groups, the number of vertices 1n polygons, and so on. In
addition, the angle or tilt of the stylus may be used to control
the shape of the brush, the type of the brush, the direction
(global vector) of the brush, or other brush attributes.

FI1G. 23 illustrates an example of watercolor painting using,
the vector-based, fluid motion simulation technique, accord-
ing to at least some embodiments. The watercolor painting
illustrated in FIG. 23 may be performed for example, using a
user interiace as illustrated in FIGS. 21 and 22A-22C. FIG. 23
1s given for 1llustrative purposes, and 1s not mtended to be
limiting. Each frame 1n FIG. 23 1llustrates an example of an
image that may displayed. The arrows between the frames
represent at least one execution of a background process or
programmatic loop that performs growth, blending, and ren-
dering of the polygon(s). The arrows that appear on some of
the frames point to strokes that have been applied, but do not
indicate the stroke motion itselt FIG. 23, frame 0 shows a
stroke as 1nitially deposited on the canvas. FIG. 23, frames 1
through 7 illustrate the depositing of additional strokes of
various paints using various brushes, and the growth and
blending of the deposited paint by independently moving the
vertices of the polygons composing the deposited paint and
blending of overlapping polygons with overlapped polygons
in a background process or programmatic loop, as previously
described. FIG. 23, frame 1 points out a second stroke applied
to the canvas. FI1G. 23, frame 2 points out an area in which one
or more additional strokes have been applied. FIG. 23, frame
3 points out a new, overlapping stroke that has been applied.
FI1G. 23, frames 4, 5, and 6 show several additional strokes
and the growth and blending of the applied strokes. FI1G. 23,
frame 7 shows a resulting image after the strokes applied on
the previous Irames have spread and blended, and the
lifespans of the polygons applied by the strokes on the previ-
ous frames has ended (1.e., the paint has “dried.”)

FI1G. 24 15 a high-level flowchart of a painting method that
employs the vector-based, tluid motion simulation technique,
according to at least some embodiments. As indicated at 300,
simulated fluid, for example simulated watercolor paint, may
be deposited on a canvas as one or more groups, each group
including one or more polygons. The polygons may be, but
are not necessarily, semitransparent. For example, paint may
be deposited to a canvas by a user using strokes applied using,
a brush according to a user interface method as 1llustrated 1n
FIGS. 21, 22A-22C, and 23. As another example, paint may
be deposited to a canvas programmatically.

In at least some embodiments, the polygons deposited at
300 may be processed by a method implemented 1n a growth
and blending process 310. For example, growth and blending
process 310 may be implemented as a background process
that may be scheduled to execute 30 times a second, 60 times
a second, or at some other periodic or aperiodic interval.
Element 312 may occur at each execution of the background
process; elements 314 and 316 may only be performed 1f there
1s at least one live polygon.

At 312 of the growth and blending process 310, the method
may check to see 11 there are any live polygons according to
the lifespan attribute of the polygons. 1T there are live poly-
gons at 312, then the method may grow the live polygons by
independent movement of the vertices of the polygons, as

5

10

15

20

25

30

35

40

45

50

55

60

65

20

indicated at 314. In at least some embodiments, a randomiza-
tion technique may be applied to the movement at each vertex
of each polygon. The method may then render and display the
polygons on the canvas, as indicated at 316. Rendering and
displaying the polygons may include blending overlapping
semitransparent polygons with overlapped polygons or other
overlapped objects, such as the canvas itself. At 312 of the
growth and blending process 310, 11 there are no live poly-
gons, then the background process may wait for a next execu-
tion.

At 302, the method may return to element 300 to deposit
additional simulated tluid to the canvas, if not done depositing
fluad. For example, a user may choose to add additional paint
to a canvas via the user mtertace. Additional polygons depos-
ited at 300 may be processed by the background process 310.
At 302, if done depositing paint, note that the growth and
blending process 310 may continue to process the deposited
polygons until there are no more live polygons, that 1s until
the paint 1s “dry.”

The above describes the growth and blending process 310
as being implemented as a background process. Alternatively,
the growth and blending process may be implemented as a
loop 1n an event-driven program. In this implementation, the
event-driven program may check for events that indicate the
deposition of group(s) (e.g., mouse events that indicate a
stroke applied to the canvas). When a group deposition event
1s detected, one or more 1terations of elements 312 through
316 of the growth and blending process 310 may be per-
formed. When the growth and blending process 310 1s done,
the program waits for a next event.

FIG. 25 15 a flowchart of a method for processing a depos-
ited polygon, according to at least some embodiments of the
vector-based, fluid motion simulation technique. As indicated
at 400, a polygon may be deposited to a canvas. The deposited
polygon may, but does not necessarily, overlap another poly-
gon. As indicated at 402, at an mnitialization step, for each
vertex of the polygon, a local vector may be determined from
the global vector of the polygon and the 1nitial local vector of
the vertex. In at least some embodiments, the global vector of
the polygon and the initial local vector of the vertex are
summed to generate the starting local vector for the vertex.

In at least some embodiments, the polygon deposited at
400 may be processed by a method implemented 1n a growth
and blending process 410. For example, growth and blending
process 410 may be implemented as a background process
410 that may be scheduled to execute 30 times a second, 60
times a second, or at some other periodic or aperiodic interval.
Element 412 may occur at each execution of the background
process 410; elements 414 through 418 may only be per-
formed 11 the polygon 1s alive.

At412 ofthe growth and blending process, the method may
check to see 11 the polygon 1s alive according to the lifespan
attribute of the polygon. If the polygon 1s alive, then the
method may grow the polygon by independent movement of
the vertices of the polygon. As indicated at 414, for each
vertex ol the polygon, a new position for the vertex may be
determined from the current position of the polygon, the local
vector of the polygon, one or more attributes, and a random-
1zation factor. In at least some embodiments, at each vertex,
the following equation may be used to compute the new
position to which the vertex 1s to be moved:

P,..=P_; A+ VES+R

where P_, , designates the current position of the vertex, P,
designates the new position for the vertex, V designates the
local vector for the vertex, S designates the speed or velocity
at the vertex, and R represents randomized values that may be
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added to the (X,y) coordinates of the vertex; the randomized
values may be positive or negative. In at least some embodi-
ments, at each vertex of a polygon, before computing P, . for
the vertex, a check may be performed to determine 1f the
vertex 1s on a wet polygon that 1s overlapped by the vertex’s
polygon. If the vertex 1s on a wet polygon, then S (the speed,
or velocity) at the vertex may be increased to account for the
wetness of the overlapped polygon.

As indicated at 416, the polygon may be blended with
overlapped polygons, 11 any. In at least some embodiments, to
blend a polygon with an overlapped polygon, a blending
technique may be applied in which the color of the polygon 1s
multiplied by an alpha value and added to the color of the
overlapped polygon, multiplied by (1-alpha). The blending
equation that may be used 1n at least some embodiments may

be expressed as:

Output color=alpha*overlapping polygon color+(1-
alpha)*overlapped polygon color.

In at least some embodiments, alpha may be a floating-point
number, for example in the range [0,1], and may be derived
from, the current opacity level of the overlapping polygon.

As indicated at 410, the polygon may be aged. The lifespan
of the polygon may, for example, be indicated by a counter
that 1s 1nitialized to some value and that 1s decremented (or,
alternatively, incremented) at each execution of the growth
and blending process 410; the polygon 1s alive until the
counter reaches a specified threshold, e.g. zero. Alternatively,
the lifespan may be time-based; that 1s, the polygon may be
mitialized to be alive for two seconds, or some other period.
When that time 1s elapsed, the polygon 1s no longer alive, and
thus 1s no longer grown by the background process.

The above describes the growth and blending process 410
as being implemented as a background process. Alternatively,
the growth and blending process may be implemented as a
loop 1n an event-driven program. In this implementation, the
event-driven program may check for events that indicate the
deposition of polygon(s) (e.g., mouse events that indicate a
stroke applied to the canvas). When a polygon deposition
event 1s detected, element 402 may be performed, followed by
one or more iterations of elements 412 through 418 of the
growth and blending process 410. When the growth and
blending process 410 1s done, the program waits for a next
event.

FI1G. 26 1s a flowchart of a method for moving a vertex of a
polygon, according to at least some embodiments of the vec-
tor-based, fluid motion simulation techmque. As indicated at
450, a check 1s made to determine 1f the vertex 1s within a wet
polygon. At 452, 11 the vertex 1s within a wet polygon as
determined at 450, the velocity of the vertex may be increased
to account for the wetness of the overlapped polygon. Other-
wise, the velocity 1s not increased. At 456, a new position for
the vertex may be calculated by multiplying the local vector
of the vertex by the velocity at the vertex and adding the
resulting offset to the previous position of the vertex. As
indicated at 458, 1n at least some embodiments, a randomiza-
tion factor may be added to the new position to simulate the
random motion of a fluid at the edges.

Some embodiments may mclude a means for performing
the vector-based, fluid motion simulation technique. For
example, a fluid motion simulation module may receive input
specilying at least a portion of a digital canvas on which one
or more polygons as described herein have been deposited,
and may grown and blend the polygons to simulate the
dynamics of a fluid such as paint, as described herein. The
fluid motion simulation module may 1n some embodiments
be implemented by a non-transitory, computer-readable stor-
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age medium and one or more processors (e.g., CPUs and/or
GPUs) of a computing apparatus. The computer-readable
storage medium may store program instructions executable
by the one or more processors to cause the computing appa-
ratus to perform recerving input specifying at least a portion
of a digital canvas on which one or more polygons as
described herein have been deposited, and may grow and
blend the polygons to simulate the dynamics of a fluid such as
paint, as described herein. Other embodiments of the fluid
motion simulation module may be at least partially imple-
mented by hardware circuitry and/or firmware stored, for
example, 1n a non-volatile memory.

Example Implementations

FIG. 27 illustrates a fluid motion simulation module that
may implement embodiments of the vector-based, fluid
motion simulation techniques 1illustrated 1n FIGS. 1 through
26. Module 920 may include an applicator submodule 926
that provides a painting technique and that employs a user
interface 924 similar to the example user interface 1llustrated
in FIGS. 21 and 22A-22C to depositpolygons to a canvas 910.
Module 920 may also include a growth and blending submod-
ule 928 that implements a tluid motion simulation technique
that grows and blends deposited polygons as 1illustrated in
FIGS. 24 through 26. F1G. 28 1llustrates an example computer
system on which embodiments of module 920 may be imple-
mented. Module 920 may receive as mput a digital canvas
910. While FIG. 27 shows the digital canvas 910 as blank, the
canvas 910 may be a digital image or photograph, and may be
an 1mage that was previously created with module 920. Appli-
cator submodule 926 may receive user input 912, for example
brush strokes, via user mterface 924 depositing polygons to
working canvas 922. Growth and blending submodule 928,
which may execute as a background process, may grow and
blend the deposited polygons, for example as illustrated in
FIGS. 24 through 26. Module 920 generates as output an
output 1image 930. Output image 930 may, for example, be
stored to a storage medium 940, such as system memory, a
disk drive, DVD, CD, etc., displayed to a display device 950,
printed on a printer device (not shown), and/or passed to one
or more other module(s) 960 for additional processing.

In some embodiments, fluid motion simulation module
920 may provide a user mterface 924 via which a user may
interact with the module 920, for example to specily or select
brushes, to select a pigment and/or water for application by a
selected brush, to set one or more attributes for polygons or
groups 1o be deposited, and to perform a painting method as
described herein. In some embodiments, the user interface
may provide user interface elements whereby the user may
select attribute values for groups or polygons to be deposited
including one or more of, but not limited to, opacity, speed,
and diameter.

Example System

Embodiments of a fluid motion simulation module and/or
of the various vector-based, fluid motion simulation tech-
niques as described herein may be executed on one or more
computer systems, which may interact with various other
devices. One such computer system 1s 1llustrated by FIG. 28.
In different embodiments, computer system 1000 may be any
of various types of devices, icluding, but not limited to, a
personal computer system, desktop computer, laptop, note-
book, or netbook computer, mainiframe computer system,
handheld computer, workstation, network computer, a cam-
era, a set top box, a mobile device, a consumer device, video
game console, handheld video game device, application
server, storage device, a peripheral device such as a switch,
modem, router, or 1n general any type of computing or elec-
tronic device.
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In the illustrated embodiment, computer system 1000
includes one or more processors 1010aq, 10105, . . . 10107
coupled to a system memory 1020 via an input/output (I/0)
interface 1030. Computer system 1000 further includes a
network interface 1040 coupled to I/O interface 1030, and
one or more mput/output devices 1050, such as cursor control
device 1060, keyboard 1070, and display(s) 1080/ In some
embodiments, 1t 1s contemplated that embodiments may be
implemented using a single instance of computer system
1000, while 1n other embodiments multiple such systems, or
multiple nodes making up computer system 1000, may be
configured to host different portions or istances of embodi-
ments. For example, 1n one embodiment some elements may
be implemented via one or more nodes of computer system
1000 that are distinct from those nodes implementing other
clements.

In various embodiments, computer system 1000 may be a
uniprocessor system including one processor 1010, or a mul-
tiprocessor system including several processors 1010 (e.g.,
two, four, eight, or another suitable number). Processors 1010
may be any suitable processor capable of executing nstruc-
tions. For example, 1n various embodiments, processors 1010
may be general-purpose or embedded processors implement-
ing any of a variety of instruction set architectures (ISAs),
such as the x86, PowerPC, SPARC, or MIPS ISAs, or any
other suitable ISA. In multiprocessor systems, each of pro-
cessors 1010 may commonly, but not necessarily, implement
the same ISA.

In some embodiments, at least one processor 1010 may be
a graphics processing unit. A graphics processing unit or GPU
may be considered a dedicated graphics-rendering device for
a personal computer, workstation, game console or other
computing or electronic device. Modern GPUs may be very
cificient at manipulating and displaying computer graphics,
and their highly parallel structure may make them more eflec-
tive than typical CPUs for a range of complex graphical
algorithms. For example, a graphics processor may imple-
ment a number of graphics primitive operations 1n a way that
makes executing them much faster than drawing directly to
the screen with a host central processing unit (CPU). In vari-
ous embodiments, the vector-based, fluid motion simulation
techniques disclosed herein may, at least 1n part, be 1mple-
mented by program 1nstructions configured for execution on
one of, or parallel execution on two or more of, such GPUs.
The GPU(s) may implement one or more application pro-
grammer interfaces (APIs) that permit programmers to
invoke the functionality of the GPU(s). Suitable GPUs may
be commercially available from vendors such as NVIDIA
Corporation, ATT Technologies (AMD), and others.

System memory 1020 may be configured to store program
instructions and/or data accessible by processor 1010. In vari-
ous embodiments, system memory 1020 may be imple-
mented using any suitable memory technology, such as static
random access memory (SRAM), synchronous dynamic
RAM (SDRAM), nonvolatile/Flash-type memory, or any
other type of memory. In the illustrated embodiment, pro-
gram 1nstructions and data implementing desired functions,
such as those described above for embodiments of a fluid
motion simulation module, are shown stored within system
memory 1020 as program instructions 10235 and data storage
1035, respectively. In other embodiments, program instruc-
tions and/or data may be received, sent or stored upon differ-
ent types ol computer-accessible media or on similar media
separate from system memory 1020 or computer system
1000. Generally speaking, a computer-accessible medium
may include storage media or memory media such as mag-
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to computer system 1000 via IO interface 1030. Program
instructions and data stored via a computer-accessible
medium may be transmitted by transmission media or signals
such as electrical, electromagnetic, or digital signals, which
may be conveyed via a commumication medium such as a
network and/or a wireless link, such as may be implemented
via network interface 1040.

In one embodiment, I/O mtertace 1030 may be configured
to coordinate I/O traffic between processor 1010, system
memory 1020, and any peripheral devices in the device,
including network interface 1040 or other peripheral inter-
faces, such as mput/output devices 1050. In some embodi-
ments, I/O mtertace 1030 may perform any necessary proto-
col, timing or other data transformations to convert data
signals from one component (€.g., system memory 1020) into
a format suitable for use by another component (e.g., proces-
sor 1010). In some embodiments, I/O interface 1030 may
include support for devices attached through various types of
peripheral buses, such as a variant of the Peripheral Compo-
nent Interconnect (PCI) bus standard or the Universal Serial
Bus (USB) standard, for example. In some embodiments, the
function of I/O terface 1030 may be split into two or more
separate components, such as a north bridge and a south
bridge, for example. In addition, 1n some embodiments some
or all of the functionality of I/O intertface 1030, such as an
interface to system memory 1020, may be incorporated
directly into processor 1010.

Network interface 1040 may be configured to allow data to
be exchanged between computer system 1000 and other
devices attached to a network, such as other computer sys-
tems, or between nodes of computer system 1000. In various
embodiments, network interface 1040 may support commu-
nication via wired or wireless general data networks, such as
any suitable type of Ethernet network, for example; via tele-
communications/telephony networks such as analog voice
networks or digital fiber communications networks; via stor-
age area networks such as Fibre Channel SANs, or via any
other suitable type of network and/or protocol.

Input/output devices 1050 may, 1n some embodiments,
include one or more display terminals, keyboards, keypads,
touchpads, scanning devices, voice or optical recognition
devices, or any other devices suitable for entering or retriev-
ing data by one or more computer system 1000. Multiple
input/output devices 1050 may be present in computer system
1000 or may be distributed on various nodes of computer
system 1000. In some embodiments, similar input/output
devices may be separate from computer system 1000 and may
interact with one or more nodes of computer system 1000
through a wired or wireless connection, such as over network
interface 1040.

As shown 1n FIG. 28, memory 1020 may include program
instructions 1025, configured to implement embodiments of a
fluid motion simulation module as described herein, and data
storage 1035, comprising various data accessible by program
instructions 1025. In one embodiment, program instructions
1025 may include software elements of embodiments of a
fluid motion simulation module as 1llustrated in the above
Figures. Data storage 1035 may include data thatmay be used
in embodiments. In other embodiments, other or different
soltware elements and data may be included.

Those skilled 1n the art will appreciate that computer sys-
tem 1000 1s merely 1llustrative and 1s not intended to limait the
scope of a fluid motion simulation module as described
herein. In particular, the computer system and devices may
include any combination of hardware or software that can
perform the imndicated functions, including a computer, per-
sonal computer system, desktop computer, laptop, notebook,
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or netbook computer, mainframe computer system, handheld
computer, workstation, network computer, a camera, a set top
box, a mobile device, network device, internet appliance,
PDA, wireless phones, pagers, a consumer device, video
game console, handheld video game device, application
server, storage device, a peripheral device such as a switch,
modem, router, or 1n general any type of computing or elec-
tronic device. Computer system 1000 may also be connected
to other devices that are notillustrated, or instead may operate
as a stand-alone system. In addition, the functionality pro-
vided by the 1llustrated components may 1n some embodi-
ments be combined 1n fewer components or distributed in
additional components. Similarly, in some embodiments, the
functionality of some of the illustrated components may not
be provided and/or other additional functionality may be
available.

Those skilled 1n the art will also appreciate that, while
various 1tems are 1llustrated as being stored in memory or on
storage while being used, these 1tems or portions of them may
be transterred between memory and other storage devices for
purposes of memory management and data integrity. Alter-
natively, 1n other embodiments some or all of the software
components may execute in memory on another device and
communicate with the 1llustrated computer system via 1nter-
computer communication. Some or all of the system compo-
nents or data structures may also be stored (e.g., as mstruc-
tions or structured data) on a computer-accessible medium or
a portable article to be read by an appropriate drive, various
examples of which are described above. In some embodi-
ments, instructions stored on a computer-accessible medium
separate from computer system 1000 may be transmitted to
computer system 1000 via transmission media or signals such
as electrical, electromagnetic, or digital signals, conveyed via
a communication medium such as a network and/or a wireless
link. Various embodiments may further include receiving,
sending or storing instructions and/or data implemented 1n
accordance with the foregoing description upon a computer-
accessible medium. Accordingly, the present invention may
be practiced with other computer system configurations.

CONCLUSION

Various embodiments may further include recerving, send-
ing or storing istructions and/or data implemented 1n accor-
dance with the foregoing description upon a computer-acces-
sible medium. Generally speaking, a computer-accessible
medium may include storage media or memory media such as
magnetic or optical media, e.g., disk or DVD/CD-ROM, vola-
tile or non-volatile media such as RAM (e.g. SDRAM, DDR,
RDRAM, SRAM, etc.), ROM, etc., as well as transmission
media or signals such as electrical, electromagnetic, or digital
signals, conveyed via a communication medium such as net-
work and/or a wireless link.

The various methods as illustrated 1n the Figures and
described herein represent example embodiments of meth-
ods. The methods may be implemented 1n software, hard-
ware, or a combination thereof. The order of method may be
changed, and various elements may be added, reordered,
combined, omitted, modified, etc.

Various modifications and changes may be made as would
be obvious to a person skilled 1n the art having the benefit of
this disclosure. It 1s intended that the invention embrace all
such modifications and changes and, accordingly, the above
description to be regarded in an illustrative rather than a
restrictive sense.
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What 1s claimed 1s:
1. A method for stmulating motion of a fluid deposited on
a digital canvas, comprising;

depositing, by a computing device, a plurality of polygons
representing the fluid on the digital canvas, a border of
cach deposited polygon being defined by a plurality of
vertices, each vertex including a local vector that 1ndi-
cates direction at the vertex, each deposited polygon
including a global vector that indicates a direction of the

polygon;

for each deposited polygon, prior to growing a border of the
polygon, adjusting the local vector at each vertex of the
polygon according to the global vector of the respective
polygon; and

tor each deposited polygon, iteratively growing the border

of the respective polygon, the iteratively growing the
border of a polygon comprising, at each 1teration, inde-
pendently moving each vertex of the respective polygon
according to a local vector at the vertex and a velocity at
the vertex.

2. The method as recited 1n claim 1, wherein said indepen-
dently moving each vertex of the respective polygon accord-
ing to a local vector at the vertex and a velocity at the vertex
comprises calculating a new position for the vertex according
to the local vector at the vertex and the velocity at the vertex
and applying a randomization to coordinates of the new posi-
tion.

3. The method as recited 1n claim 1, wherein each polygon
includes a lifespan attribute that specifies a period for which
the respective polygon 1s alive after said depositing the
respective polygon, wherein a polygon that 1s alive 1s consid-
ered wet and a polygon that 1s not alive 1s considered dry, and
wherein said growing the border 1s performed only on poly-
gons that are wet according to their respective lifespan
attribute.

4. The method as recited 1n claim 3, wherein said indepen-
dently moving each vertex of the respective polygon accord-
ing to a local vector at the vertex and a velocity at the vertex
comprises, at each vertex, determining 11 the vertex 1s within
another polygon that 1s wet according to 1ts lifespan attribute
and, if the vertex 1s within another polygon that 1s wet,
increasing the velocity at the vertex to account for the wetness
of the other polygon.

5. The method as recited 1n claim 1, wherein at least one of
the plurality of deposited polygons at least partially overlaps
at least one other deposited polygon, the method further com-
prising, for each of the plurality of polygons that at least
partially overlaps at least one other polygon, blending over-
lapping regions of the polygon with overlapped regions of the
at least one other polygon according to an opacity level of the
overlapping polygon.

6. The method as recited in claim 1, wherein iteratively
growing the border of a polygon further comprises decreasing
an opacity level of the polygon to account for growth of the
polygon.

7. The method as recited 1n claim 1, wherein said deposit-
ing a plurality of polygons comprises depositing the polygons
in a plurality of groups each including two or more of the
plurality of polygons, and wherein at least two of the two or
more polygons 1n each group differ according to at least one
of shape, size, position, velocity, and global vector.

8. The method as recited in claim 1, wherein said deposit-
ing a plurality of polygons representing the fluid on the digital
canvas comprises recerving mput via a user iterface imdicat-
ing one or more strokes applied to the digital canvas via a
brush, wherein at least one of the plurality of polygons 1s
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deposited along each of the one or more strokes according to
direction and velocity of the respective stroke.

9. The method as recited 1n claim 8, wherein the brush
specifles one or more brush attributes that are applied to
polygons deposited by the brush, wherein the brush attributes
include at least one of size, opacity, velocity, color, and
lifespan, and wherein at least one of the brush attributes can
be changed via the user interface prior to or after each stroke.

10. The method as recited 1in claim 9, wherein the user
interface provides a plurality of different selectable brushes,
wherein each brush deposits polygons 1 groups each includ-
ing one or more polygons, and wherein the groups deposited
by at least two of the brushes differ according to at least one
of number, shape, and arrangement of polygons within the
groups.

11. A system, comprising:

at least one processor; and

a memory comprising program instructions, the program

instructions being executable by the at least one proces-
sor to implement a fluid motion simulation module oper-
able to:
obtain mnput indicating deposition of a plurality of poly-
gons representing a fluid on a digital canvas, a border
of each deposited polygon being defined by a plurality
ol vertices, each vertex including a local vector that
indicates direction at the vertex; and
iteratively grow the border of each deposited polygon,
by configuring the fluid motion simulation module to
be operable to, at each iteration, independently move
cach vertex of the respective polygon according to a
local vector at the vertex and a velocity at the vertex,
and to calculate a new position for the vertex accord-
ing to the local vector at the vertex and the velocity at
the vertex and apply a randomization to coordinates of
the new position.

12. The system as recited 1n claim 11, wherein each poly-
gon includes a lifespan attribute that specifies a period for
which the respective polygon 1s alive after said depositing the
respective polygon, wherein a polygon that 1s alive 1s consid-
ered wet and a polygon that 1s not alive 1s considered dry, and
wherein the fluid motion simulation module 1s operable to
grow the border only of polygons that are wet according to
their respective lifespan attribute.

13. The system as recited 1in claim 12, wherein at least one
of the plurality of deposited polygons at least partially over-
laps at least one other deposited polygon, and wherein, to
independently move each vertex of the respective polygon
according to a local vector at the vertex and a velocity at the
vertex, the fluid motion simulation module 1s operable to, at
cach vertex, determine 11 the vertex 1s within another polygon
that 1s wet according to its lifespan attribute and, if the vertex
1s within another polygon that 1s wet, increase the velocity at
the vertex to account for the wetness of the other polygon.

14. The system as recited i1n claim 11, wherein said input
indicating the deposition of the plurality of polygons is
obtained via one or more brush strokes applied to the digital
canvas via a user interface to the fluid motion simulation
module, wherein the brush strokes are applied with a brush
that deposits polygons 1n groups each including one or more
polygons, and wherein at least one of the plurality of poly-
gons 1s deposited along each of the one or more strokes
according to direction and velocity of the respective stroke.

15. A non-transitory computer-readable storage medium
comprising program instructions stored thereon, the program
instructions being computer-executable to implement a flmd
motion simulation module operable to:
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obtain 1put indicating deposition of a plurality of poly-
gons representing a fluid on a digital canvas, a border of
cach deposited polygon being defined by a plurality of
vertices, each vertex including a local vector that indi-
cates direction at the vertex, and at least one of the
plurality of deposited polygons at least partially over-
lapping at least one other deposited polygon, each
deposited polygon including a lifespan attribute that
specifies a period for which the respective polygon 1s
alive after said depositing the respective polygon, a
deposited polygon that 1s alive being considered wet and
a deposited polygon that 1s not alive being considered
dry; and

iteratively grow the border of each deposited polygon by

configuring the fluid motion simulation module 1s to be
operable to, at each 1teration, independently move each
vertex of the respective polygon according to a local
vector at the vertex and a velocity at the vertex, said fluid
motion simulation module being operable to grow the
border of deposited polygons that are wet according to
their respective lifespan attribute.

16. The non-transitory computer-readable storage medium
as recited 1n claim 15, wherein to independently move each
vertex of the respective polygon according to a local vector at
the vertex and a velocity at the vertex, the fluid motion simu-
lation module 1s operable to calculate a new position for the
vertex according to the local vector at the vertex and the
velocity at the vertex and apply a randomization to coordi-
nates of the new position.

17. The non-transitory computer-readable storage medium
as recited in claim 15, wherein, to independently move each
vertex ol the respective polygon according to a local vector at
the vertex and a velocity at the vertex, the fluid motion simu-
lation module 1s operable to, at each vertex, determine 11 the
vertex 1s within another polygon that 1s wet according to its
lifespan attribute and, 11 the vertex 1s within another polygon
that 1s wet, increase the velocity at the vertex to account for
the wetness of the other polygon.

18. The non-transitory computer-readable storage medium
as recited in claim 15, wherein said input indicating the depo-
sition of the plurality of polygons 1s obtained via one or more

brush strokes applied to the digital canvas via a user intertace
to the fluid motion simulation module, wherein the brush
strokes are applied with a brush that deposits polygons 1n
groups each including one or more polygons, and wherein at
least one of the plurality of polygons 1s deposited along each
ol the one or more strokes according to direction and velocity
of the respective stroke.
19. A method for simulating motion of a fluid deposited on
a digital canvas, comprising;
depositing a plurality of polygons, by a computing device,
representing the tfluid on the digital canvas, at least one
of the plurality of deposited polygons at least partially
overlaps at least one other deposited polygon, a border
of each deposited polygon being defined by a plurality of
vertices, each vertex including a local vector that indi-
cates direction at the vertex;
for each of the plurality of polygons that at least partially
overlaps at least one other polygon, blending overlap-
ping regions of the polygon with overlapped regions of
the at least one other polygon according to an opacity
level of the overlapping polygon; and
tor each deposited polygon, iteratively growing the border
of the respective polygon, the iteratively growing the
border of a polygon comprising, at each 1teration, inde-




US 8,676,552 B2

29

pendently moving each vertex of the respective polygon
according to a local vector at the vertex and a velocity at
the vertex.

20. A method for simulating motion of a fluid deposited on

a digital canvas, comprising;: 5

depositing a plurality of polygons, by a computing device,
representing the fluid on the digital canvas, a border of
cach deposited polygon being defined by a plurality of

vertices, each vertex including a local vector that 1ndi-
cates direction at the vertex; and

for each deposited polygon, iteratively growing the border
of the respective polygon, the iteratively growing the
border of a polygon comprising decreasing an opacity
level of the polygon to account for growth of the poly-
gon, and, at each iteration, independently moving each
vertex of the respective polygon according to a local
vector at the vertex and a velocity at the vertex.
21. A method embodying program instructions executable
by one or more processors for simulating motion of a fluid
deposited on a digital canvas, comprising:

10

15

30

depositing a plurality of polygons, by a computing device,

representing the fluid on the digital canvas, a border of
cach deposited polygon being defined by a plurality of
vertices, each vertex including a local vector that indi-
cates direction at the vertex, said depositing a plurality
of polygons comprising depositing the polygons 1n a
plurality of groups each including two or more of the
plurality of polygons, at least two of the two or more
polygons in each group differing according to at least

one of shape, size, position, velocity, and global vector;
and

tor each deposited polygon, iteratively growing the border

of the respective polygon, the iteratively growing the
border of a polygon comprising, at each 1teration, inde-
pendently moving each vertex of the respective polygon

according to a local vector at the vertex and a velocity at
the vertex.
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